A sensitive, simple, rapid and reliable HPLC-DAD method for the analysis of the benzylisoquinoline alkaloids (BIA's) content in Argemone mexicana (Papaveraceae) is presented. This method allows the simultaneous separation and quantitation of berberine (Bn), chelerythrine (C) and sanguinarine (S) in extracts from A. mexicana tissues, reducing time of analysis in comparison to previous reports. Alkaloids were separated on a C18 Hypersil Gold column using an acetonitrile gradient (20 to 70%) in 1% acetic acid in water. Alkaloids were identified based on retention times and UV spectra and quantified at 254 nm. Linearity between 0.5-20 µg mL -1 was observed for Bn, C and S, with limits of detection (LOD) and quantitation (LOQ) of 0.11 and 0.33 for Bn, 0.10 and 0.30 for C and 0.05 and 0.15 for S, respectively. Maximal intra-and inter-day variation values were < 0.49% in all cases, with alkaloids' recoveries higher than 95%. System suitability tests (SST), including resolution (Rs), retention factor (K'), selectivity (a), tailing factor and number of theoretical plates were performed according to the United States Pharmacopeia (USP), fulfilling recommended values. The method proved to be efficient and reproducible when analyzing different tissues of field-collected A. mexicana plants.
INTRODUCTION
Argemone mexicana (Papaveraceae), commonly known as Mexican prickly poppy, is a plant widely used in traditional medicine as an analgesic, diuretic, antimicrobial and antiparasitic agent. [1] [2] [3] Such properties have been associated to the presence of benzylisoquinoline alkaloids (BIA's), which are distributed through the entire plant 4 . The main Argemone alkaloids are berberine (Bn), chelerythrine (C) and sanguinarine (S), which belong to the protoberberine (Bn) and benzophenanthridine (C and S) types. 4 Bn supplements are employed as insulin sensitizers in treatments for diabetes type 2 patients, as well as for dyslipidemia. Furthermore, it has been included in the formulation of environmentally friendly agrochemicals. 1, 5 On the other hand, formulations containing S are administered as supplements to livestock diets, since it promotes better nutrient absorption and digestion. 3, 5 There also studies showing good antimicrobial activity of C against multi-drug resistant, methicillinresistant Staphylococcus aureus strains (mdr-MRSA). 1, 5 Moreover, Bn, C and S might play a defensive role in plants that produce them given their antimicrobial, anti-herbivory and allelopathic properties. 1, 5 Interestingly, in only a few plant species, S and Bn are simultaneously present 4, 5 and, perhaps for that reason, there are just a few methods for the analysis of these alkaloids in a single chromatographic run. Methods for the analysis of BIA's include chromatographic separation using paper or silica plates (TLC), as well as non-polar columns for liquid chromatography (HPLC). [6] [7] [8] However, some of these require a long time of analysis or have been used mainly for qualitative purposes. [9] [10] [11] [12] In here, we have implemented a simple method for the efficient separation and quantitation of the main alkaloids present in A. mexicana tissues. This method, which fulfills validation parameters of the United States Pharmacopeia (USP) 13 and the International Conference for Harmonization (ICH), 14 has been employed for the analysis of roots and leaves of A. mexicana. Main alkaloids were properly resolved and time of analysis was reduced in comparison to previously reported methods.
EXPERIMENTAL

Plant material
Mature plants of Argemone mexicana L., with flowers and open seed capsules, were collected in the outskirts of Mérida, México (20º58'00''N/89º37'00''W) and taxonomically identified at the Regional Botanical Garden of Centro de Investigación Científica de Yucatán. Juvenile plants, before stem elongation, and developing seedlings were also collected. After collection, plants were dissected into roots and leaves and fresh tissues were frozen and lyophilized (Labconco FreeZone 4.5, Kansas City MO). In all cases, tissue samples were collected and pooled to form a single batch from where three independent portions were used for individual alkaloid extraction and processing.
Chemicals and reagents
Standards for berberine (Bn), chelerythrine (C) and sanguinarine (S) (above 99 % pure) were purchased from Sigma-Aldrich (St. Louis, MO). HPLC-grade methanol, ethyl acetate, acetonitrile and water, as well as ACS-standard acetic acid, hydrochloric acid, sulfuric acid and sodium hydroxide, were acquired from J. T. Baker (New Jersey, USA). Water and other solutions were filtered through 0.45 µm pore size Millipore nylon membranes (Merck-Millipore, Darmstadt, Germany) prior to use.
Alkaloid extraction and analysis
Freeze-dried tissues were ground using a mechanical mill (IKA, Wilmington NC) to render fine powders, which were stored in sealed plastic bags in a desiccator, away from the light, until analysis. For alkaloid extraction, 200 mg of powdered tissue were mixed with 10 mL of methanol and incubated for two hours at room temperature. After separating debris by filtration, the methanol extract was reduced to dryness under vacuum and the residue was dissolved in 6 mL of a 1:3 (v/v) mixture of methanol-water. Alkaloid content in this solution was enriched by acid-base extraction. First, pH of the methanol-water resuspended alkaloids was dropped below 5 with 1 mol L -1 H 2 SO 4 and then, mixed with an equal volume of ethyl acetate in a separation funnel. After shaking up, the organic phase was discarded and the remaining aqueous phase was further extracted twice. Residual aqueous phase pH was raised to above 10 with 1 mol L -1 NaOH and three further ethyl acetate extractions were carried out as described above, but now keeping the organic phase each time. The resulting organic fractions were pooled out and dried under reduced pressure. The residue thus obtained was resuspended in 20% A in B (see below), filtered through a 0.45 µm pore size nylon membrane and adjusted to 1 mg mL -1 with the same solvent.
Instrumentation and chromatographic separation
Analysis was performed using an Agilent HPLC System 1200 (Agilent Technologies, Santa Clara, CA), equipped with a quaternary pump (G1311A), and 1260 Infinity autosampler (G1329B). The equipment was controlled by Agilent ChemStation LC. Alkaloids were detected with a diode array detector (DAD; G1315B). Samples were loaded into the column using an injection valve fitted with a 20 µL loop. Alkaloid mixtures and plant extracts were separated on a C-18 Hypersil Gold 4.6 x 100 mm, 5 µm column (Thermo, Waltham, MA), using as mobile phase an incremental gradient of acetonitrile (A) in 1% acetic acid in water (B). A multistep gradient was applied initiating with 20% of A in B, and increasing A to 60 % during the first 9 min, then to 70% from 9 to 20 min; and then returning to the initial conditions from 20 to 23 min (20% of A in B). Total analysis time was 25 min (flow rate of 1.2 mL min -1 ; 30 ºC). Alkaloids' identities were assigned by comparing retention time and UV spectra (190-500 nm) to those of commercial standards. For quantitation, chromatograms were acquired at 254 nm. A 20% solution of A diluted in B was used as reading blank.
Validation
Validation of the HPLC method 15 was performed according to criteria proposed by USP 13 and ICH. 14 Resolution (Rs), retention factor (K'), selectivity (a), tailing factor and number of theoretical plates were determined according to USP. 13 Linearity and range were evaluated by constructing a calibration curve for each alkaloid (0. ), using peak areas versus nominal concentrations. Accuracy was established by calculating the percentage of recovery of known amounts of alkaloid standards added to plant extracts. Different volumes from standard solutions of 8, 10 and 12 mg mL -1 of each alkaloid were added to the alkaloidal residue diluted in a mixture of acetonitrile 1% with aqueous acetic acid (2:8, v/v). Samples were analyzed in triplicates for each concentration tested, as described above. Precision of the method was determined as the relative standard deviation (RSD) of six replicate measurements of intra and inter-day injections. Fresh 10 mg mL -1 alkaloid solutions were analyzed each day during two nonconsecutive days to obtain these data. RSD was estimated as 10s/m, where s and m corresponded to the standard deviation and mean of six detector readings respectively.
Limits of quantification (LOQ) and detection (LOD) were established according to ICH guidelines, as 10s/m and 3.3s/m, respectively, where s and m correspond to the standard deviation and the slope of the alkaloid calibration curves (y-intercepts), respectively.
RESULTS AND DISCUSSION
In order to develop a method capable of separating the main alkaloids present in A. mexicana tissues, a mixture of commercial standards of Bn, C and S was injected on a C18 Hypersil Gold column using a stepwise incremental gradient of acetonitrile (A) in diluted acetic acid (1% in water; B). By increasing acetonitrile concentration, as described in Experimental, proper separation of the (Figure 1 ). Clear signals with good resolution and factor tailing were detected at 3.79, 4.06 and 4.59 min for S, Bn and C, respectively (Table 1) . A flow rate of 1.2 mL min -1 provided an optimal signal-to-noise ratio, as well as shorter retention times than previously reported. 9, [16] [17] It is important to note that variations in retention times were within the 0.01 min order (RSD lower than 2%). Hence, this method allows performing a complete alkaloid analysis from raw mixtures in fewer than 5 min, reducing in this way the cost of analysis.
Linearity and detection limit
Linearity of response for Bn, C and S under the same chromatographic conditions was established. Seven different concentrations of each standard were injected in triplicates to construct a calibration curves, observing linear responses between 0.5-20 µg mL -1 and high regression coefficients (r 2 ) for each one of the three alkaloids (Figure 2 ). Variance analysis for these linear regressions confirmed the strong relationships between y and x values (low p values; Table 2 ), confirming the linearity and sensitivity of the model for each alkaloid.
LOQ and LOD were estimated for the three main alkaloids found in Argemone tissues. LOQ for S, Bn and C were 0.15, 0.33 and 0.30 µg mL -1 respectively, whereas LOD values were 0.049, 0.11 and 0.10 µg mL -1 for S, Bn and C, respectively (Table 2) . Noticeable, LOQ values were lower than the first point of the calibration curves (≤ 0.5 µg mL −1 ) confirming the linearity, accuracy and precision of the method within the working range. The low values of minimal detection would allow the precise quantitation alkaloids, even using tiny tissue samples for extraction, such as those obtained from developing Argemone seedlings.
13,14
Precision and accuracy
Precision of the method was determined for the three alkaloids (Bn, C and S) by performing six inter-and intra-day independent injections of fixed, freshly prepared 10 mg mL -1 alkaloid standard solutions during two non-consecutive days. Low RSD values were observed in all cases both in intra-and inter-day repetitions (Table 3) , indicating the high precision and repeatability of the analytical method proposed in here.
The accuracy was validated by spiking blanks with known amounts of the standard alkaloid solutions (8, 10 and 12 µg mL -1 ). The spiked mixtures were injected in two different experiments, recovering between 95-104% in all cases (Table 4) . Moreover, similar recoveries were recorded when root extracts were spiked with the alkaloid standard solutions. It is important to mention that extraction procedure was also reproducible, since three independent samples (Table 5 ). The average standard deviation for alkaloid yield, as mg per g of dry weight (DW), was 12, 10 and 11% of the mean alkaloid value recovered from mature, juvenile and seedlings tissues (Table 5) .
Alkaloid quantitation in tissue extracts from A. mexicana
Once the method was validated, it was employed to analyze alkaloid contents in roots and leaves of A. mexicana plants at three different developmental stages. These tissues were selected since they present high alkaloid contents 5, 6 and variations along the plant´s life cycle had been observed. 5, 6 Tissues were extracted as described under Experimental. The main alkaloids (Bn, C and S) were clearly separated in root extracts from mature plants, where significant amounts of the three alkaloids have been found (Figure 3) . Besides Rt values, alkaloid identity was confirmed comparing spectral data of the alkaloid standards to those of the peaks matching the corresponding Rt's. Hence, peak at 3.79 min showed the three absorbance bands observed for the S standard (l 379 , l 406 and l 459 ). Similarly, peak at 4.06 min, displayed the four bands as the Bn standard (l 220 , l 260 , l 313 and l 446 ) and peak at 4.59, the three absorbance bands produced by the C standard, (l 267 , l 329 and l 358 ) (Figure 4 ). Root tissues accumulated the three analyzed alkaloids at the three determined developmental stages (Table 5 ). In leaves, Bn was the main alkaloid and the presence of C and S was detected only in low amounts and at early developmental phases (see seedlings in Table 5 ). In general, contents for the analyzed alkaloids were between 1 and 2 mg g DW -1 , depending on tissue and developmental stage (Table 5) . These values accounted for about 40% of the total alkaloid fraction, gravimetrically estimated in all cases. These alkaloid values were consistent to those previously determined in our laboratory 6 and comparable to other plants, such as Chelidonium and Fumaria.
16,17
CONCLUSIONS
BIA's are taxonomically distributed among plants of eleven families grouped in the Magnoliflorae and Ranunculiflorae Table 3 . Intra and inter precision results of the proposed method for berberine (Bn) and chelerythrine (C) sanguinarine (S). Values refer to the DAD response as peak area set a 259 nm. RSD, relative standard deviation. superorders. 18 Bn, C and S, the most abundant alkaloids in A. mexicana tissues, are simultaneously present in only a few species. Therefore, most chromatographic methods have not been developed to specifically separate and quantify them. 19, 20 In here, we have developed a method that allows the resolution of these three alkaloids from a mixture in a single run in under 25 min. This is notably shorter time than those in previous reports. [16] [17] [18] [19] Moreover; the method has been validated according to standards in the USP and ICH.
